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Introduction
Accurately measuring the material toughness is a difficult task for several reasons. First, the toughness is defined as the critical driving force (or critical elastic energy release rate) at which a crack propagates. In principle, this means that both the crack tip position and the total energy released 5 during crack advance must be tracked during the test, thereby rendering the measurement very indirect and prone to multiple causes of experimental errors. Second, the local toughness value, namely K Ic may depend on the crack growth velocity v. These facts require the development of fracture tests where the crack propagation speed can be controlled and tuned over 10 a broad range. Furthermore, measuring toughness requires stable fracture, both from the point of view of crack propagation (i.e., the crack must stop when the external driving force is stopped) and trajectory that must be rather straight. This can be particularly challenging in brittle solids (e.g., ceramics and glass). The choice of the geometry of the fracture test that controls the 15 crack stability then becomes essential. Different fracture tests have been proposed to handle these challenges.
Some of them, such as Single Edge Notch Bending (SENB) and Compact
Tension (CT) tests [1] , present a short crack propagation length and a rather poor stability of the fracture process [2] . Alternatively, the Tapered Double 20 Cantilever Beam (TDCB) test enables for significant stability of the fracture process in mode I [3] , which is appealing for brittle materials. Further, it allows for the exploration of a large range of crack growth velocities [4, 5] .
Different TDCB specimens were used to perform mode I fracture tests of adhesive bond joints [6, 7, 8] and, for instance, to study the R-curve behavior in 25 quasi-brittle wood materials [9] taking advantage of the crack growth stability provided by the tapered shape. In many displacement-controlled TDCB experiments, it has been observed that the compliance increases linearly with the crack length. Moreover, previous studies [8, 10, 11] supported this fact using beam theory. As the energy release rate [6] depends on the derivative 30 of the compliance, its value is then constant when the crack propagates.
Recently, the TDCB geometry was modified by significantly enlarging the arms from which the displacement is prescribed during the test [4, 5] . This new design results in an exponential decrease of the elastic energy release rate with crack length; and thus in an improved stability of the fracture process, 35 thereby rendering the TDCB fracture test amenable to the study of brittle solids.
Standardized test methods for measuring fracture toughness usually consider global measurements provided by load cells and clip gauges (e.g., see
Ref. [1] ). An alternative route consists in utilizing full-field measurements. 40 Digital Image Correlation (DIC) was successfully used to monitor cracks in various materials [12, 13, 14, 15, 16] . To determine Stress Intensity Factors (SIFs) and crack tip positions, the measured displacement fields are subsequently post-processed via projections onto known solutions of fractured elastic media [12] . In the case of brittle fracture, it is assumed that, apart 45 from the immediate vicinity of the crack tip, the material behaves elastically.
In this specific case, Williams' series [17] describe the stress and displacement 3 fields as functions of mechanical parameters for different fracture modes. A least-squares fit enables the SIF to be evaluated [12, 13, 14] provided the crack tip position is known [18] . Dehnavi et al. [19] showed that this method 50 may provide more accurate results compared to photoelasticity when evaluating SIFs.
The aim of the present paper is to validate Integrated DIC [18, 20] . Instead of first measuring displacement fields and then projecting them onto Williams' series, the two steps are integrated into a single analysis where the 55 sought amplitudes (e.g., SIFs, crack tip positions) are a direct result of the registration method. This approach bypasses the need for post-processing the displacement data, thereby reducing errors in the re-projection process [16] . This is of particular importance in the present case since the displacements are very small [21] . The crack tip location and SIFs will be compared with 60 analyses based upon compliance measurements obtained independently from crack mouth opening displacement (CMOD) and load data.
The paper is organized as follows. First the experimental configuration and the studied material are introduced. The procedure employed to measure the compliance variations during crack growth that will be used herein as a 65 validation tool is presented. The integrated DIC framework is then summarized in order to follow crack propagation and estimate SIFs. The procedure is then applied to the pictures of two TDCB tests and the measurements are compared with the results of the compliance technique discussed herein.
TDCB fracture tests
Experiments on Tapered Double Cantilever Beam (TDCB) specimens were carried out under uniaxial tension using a Shimadzu (model AG-Xplus) universal testing machine (with ±10 kN load capacity). In this experimental setup (see Figure 1(a) ), a 1 kN load cell measured the force applied to the specimen through the pins located in holes of diameter 2R = 5 mm. For the 75 first experiment, a clip gauge was used to measure the crack mouth opening displacement. Two steel grips were connected to the specimen by the pins placed on both holes. The bottom one is fixed to the base and the top one, which connects to the load sensor, is pushed up by the machine cross-head.
TDCB fracture tests were performed on a transparent thermoplastic, 80 namely, poly-methyl methacrylate (PMMA), which is an archetype of brittle amorphous material [22] . Two TDCB specimens were cast from a thin PMMA sheet of 8 mm thickness using a laser cutting machine. The specimen geometry is an isosceles trapezoid of shorter base h 1 = 60 mm, longer base h 2 = 90 mm and height L = 100 mm, where a V shaped notch of 36.5 mm 85 in length extends from the midpoint of h 1 . Although the main TDCB geometry is the same for both experiments reported herein, they were managed differently. Thus, the following procedures are discussed in this work:
(i) The first experiment was controlled by the crack mouth opening rate at 5 µm/s, i.e., with the clip gauge opening at constant velocity. In this (ii) The second experiment was performed without clip gauge, and was controlled by the stroke velocity of 2.5 µm/s. To substitute to the external device, the surface displacement fields in the vicinity of the crack tip were determined by the DIC technique based on 3-node linear 100 finite element discretization (i.e., T3-DIC [23] ), providing in particular the crack mouth opening displacement as detailed in Section 4.1. For this experiment, the V shaped notch was increased by approximately 1 mm using a 0.2 mm thick razor blade. In the following, the two methodologies investigated herein for both TDCB
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fracture experiments are presented. First, a finite element (FE) based method is employed to assess the elastic energy release rate and the crack speed from the macroscopic mechanical behavior of the specimen, namely, the forcecrack opening response, an example of which is presented in Figure 1 (b).
Then, it is shown that the TDCB geometry is amenable to a direct determi-110 nation of SIFs through DIC. This is an interesting alternative to the prior methodology as it allows the fracture properties of the tested material to be estimated without using load cells and CMOD gauges. In particular, such alternative may be useful to measure toughnesses of high temperatures or for high crack speeds for which mechanical gauges may be inefficient. Moreover,
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the DIC method provides the mode II stress intensity factor (in addition to K I ) that is of relevance for anisotropic solids as well as the amplitude of non-singular terms such as the T-stress not accessible through the analysis of the force-displacement response of the specimen.
Compliance method
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To implement this first method, only the force and crack opening displacement data are considered. The goal is to determine the material fracture toughness K Ic and crack velocity v histories during the TDCB test. This procedure is inspired from the compliance method used for instance by Morel et al. [24] and was recently implemented with PMMA for the modi-
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fied TDCB geometry used in this work [4, 5] . The method is briefly described in the sequel. It is based on the following two assumptions: i) brittle fracture i.e., the material behaves elastically, except in a zone around the crack tip, which is very small with respect to the sample size; ii) time-independent behavior (e.g., viscosity is neglected). Numerical investigations of the me-140 chanical response of modified TDCB specimens are detailed in Refs. [4, 5] . Interestingly, the variations of the normalized elastic energy release rate g(c) can be derived from Equation (1) using the so-called Irwin-Kies equa-165 tion [26] , also known as the compliance formula
that leads to
It is therefore possible to obtain the elastic energy release rate as a function of crack length G(c), once the compliance has been computed as a function of crack length (see e.g., Figure 3 ). The combination of Equations (1) 170 1 Strictly speaking, the Irwin-Kies formula applies to the compliance λ F defined from the displacement at the point of application of the force, and not from the CMOD. However, λ F and λ are found to be proportional, irrespective of the crack length, leading to λ F = r 0 λ where r 0 0.80 is obtained from FE calculations.
and (3) provides the elastic energy release rate
The exponential decay of G with crack length points out the high stability of the fracture process of the modified TDCB geometry for displacementcontrolled loading conditions. Last, the mode I SIF derives from Irwin's 175 relationship [27] under plane stress condition
In practice, the experimental compliance λ exp (t) = δ/F measured at each time step is compared with the compliance λ FE computed numerically, leading to c(t) as illustrated in Figure 4 . For instance, the experimentally measured value of λ * exp at some time t * (lower right inset) provides the Thus, the very same procedure based on the compliance measurement can be used for both tests. 
Digital image correlation
Digital Image Correlation (DIC) has been successfully used for various applications in experimental mechanics [28, 29, 30] since the 1980's. In the 190 present case, the analyses will be based upon 2D images shot by a single camera (i.e., 2D-DIC).
Imaging acquisition
Picture acquisitions were carried out with one CMOS camera (Baumer HXC20 digital monochrome full progressive scan camera, definition: 1088 × Number of samples 
Integrated DIC
Integrated DIC (i.e., I-DIC) evaluates, for instance, the amplitudes of the displacement fields expressed as Williams' series [17, 18] . In other words, the 215 kinematic parameterization is tailored to the studied experiment. DIC, and in particular I-DIC, are based on the gray level conservation between two
where I 0 is the picture of the reference configuration, and I t that of the deformed configuration (at time t). In the absence of noise, I 0 is related 220 to I t and u(x), which denotes the displacement for each pixel position x in the image, by the above equation. The sought displacement field u will minimize the difference between both terms. It is written as the sum of squared differences over the region of interest (ROI)
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The displacement fields u may be expressed with different parameteriza-
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tions. For example, a series of mechanically meaningful fields Ψ i (e.g., Williams' series) with unknown amplitudes υ i (e.g., SIFs) as the sought parameters
so that φ will depends on the column vector {υ υ υ} gathering all amplitudes υ i .
Williams' series
Assuming a crack path along the negative x-axis, and the crack tip posi-
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tion at the origin, the displacement fields read
where the vector fields are defined in the complex plane
with, j = I for a mode I fracture regime
and j = II for a mode II regime
where κ is equal to (3 − ν)/(1 + ν) under plane stress condition, µ Lamé's constant, ν Poisson's ratio, r the distance from the crack tip, θ the angular position, and A(n) defined as
The elementary fields, obtained from Equations (11) and (12) Let us highlight that this approach computes super (i.e., n < 0) and sub (i.e., n > 0) singular displacement fields of order n in the range p i to p f .
In other words, as described in Equation (9) , the series has to be truncated
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(between p i and p f ) to be solved numerically. Although super-singular terms are optional, the proposed approach accounts for p i = −1 to estimate the crack tip position, and p i = −3 to evaluate the process zone size [31] . On the other hand, the sub-singular terms account for the fact that the crack extends itself up to a finite length. In a previous study [31] , it was shown that, for a 255 square specimen of a material with very small elastoplastic hardening regime, the stress intensity factor results were stable when p f ≥ 8. However, as the present experiments relate to a different class of material (i.e., PMMA), the influence of the number of terms will be studied. It is worth noting that these two images correspond to a few seconds prior to the end of the test, which means that the crack extension is approaching the external boundary and the results become less precise. In the following, all reported results will consider p f = 7. 
Out-of-plane motions
For the TDCB tests reported herein, the sample thinness and the use of a single camera made the setup susceptible to out-of-plane sample motions. To account for the presence of out-of-plane motion of the sample, the Williams' series is enriched with additional fields that correct for small rigid body rotations about the horizontal (x) and vertical (y) axes. Any out-of-plane rotation of the sample, in combination with a non-telecentric lens, will be interpreted as in-plane deformation if not considered. Using a pinhole camera model, these apparent displacements can be modeled and a first order approximation returns the following five shape functions [34] ,
Equation (15) Likewise Equations (18)-(19) express the deformation to account for rotation about the image horizontal direction. Thus, the description of all rigid body motions along the system coordinates of the camera is defined by the five 290 fields introduced above. It is worth recalling that Equation (9), which is truncated between n = p i and p f , is solved numerically, to explain that in this particular case these extra modes are added to the truncated series.
Results and discussion
In this section, both TDCB experiments are studied independently, com-295 paring the fracture properties obtained when using the method based on compliance variations and the integrated DIC framework. Let us first highlight the differences between both test configurations describing them in detail. In the first case, the specimen geometry had its original crack length (36.5 mm) modified by a laser cutting extension accompanied by a pre-load 300 procedure of the sample, which yielded a TDCB specimen with c ini = 60 mm.
Furthermore, the displacements were recorded by a clip gauge that also controlled the fracture experiment at a constant crack mouth opening rate of 5 µm/s. In the second experiment no clip gauge was used and no pre-loading was applied. The crack mouth opening displacements δ were measured via 305 T3-DIC after the test. Figure 5 displays the two ROIs where δ was measured.
Once δ is obtained from DIC (instead of the clip gauge) and force-time data (i.e., F (t)) are available, the compliance based method is applied as well.
It is worth noting that the main differences between both tests are related to the crack length at initiation and the data acquisition needed in the com-310 pliance method. When applying integrated DIC, the experimental force is not needed and only time data are required for calculating the crack velocity from the extracted crack length. observation is consistent with the criterion of local symmetry [36, 37, 38, 39] that predicts crack propagation along a path that satisfies K II = 0 (here, a straight path perpendicular to the loading axis). by a gap of data points in the three graphs of Figure 11 . Interestingly, the 345 crack, which is driven at some constant and slow opening rate, oscillates from a fast propagating crack to a slow velocity crack. This phenomenon, which is referred to as stick-slip instability [35, 40] , was observed in other systems (e.g., peeling of thin film or sliding of frictional bodies) even though emerging from different competing mechanisms. When a crack is in the fast
First test
Second test
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propagation regime (slip phase), the fracture surface is optically smooth while it is rough for a crack in the slow propagation regime (stick phase). Although this is not the topic of the present work, it illustrates the versatility of the TDCB configuration as well as its ability to restore stable propagation even after an unfavorable condition.
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Considering the branch after the slip phase, i.e., only the stable fracture regime when ∆c 10 mm, the variations of crack length and velocity ( Figure 12 shows the changes of the root mean square gray level residuals normalized by the dynamic range of the picture in the reference configuration The following discussion compares the evaluations of mode I stress inten- This particular point would deserve further work.
Discussion
Conclusion
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In this work, two tapered double cantilever beam experiments were discussed independently. The results show that the TDCB geometry adopted herein induces stable fracture. In particular, it was highlighted in the second test by its ability of restoring the slow (i.e., stable) crack propagation regime even after being unintentionally introduced to a fast and unstable 415 phenomenon at the initiation stage. All these observations validate the numerical analyses performed to design such tests and confirm that this newly developed fracture test geometry is appropriate to characterize the fracture properties of brittle solids such as PMMA.
Integrated DIC was successfully used to analyze fracture mechanics pa-420 rameters (e.g., crack tip position, SIFs, mode mixity) of PMMA in experiments using the TDCB geometry. In particular, it was shown that the tests are mode I dominant, which was assumed a priori in the numerical simulations. A comparison study between the I-DIC estimates and those obtained with a method based on compliance variations showed that both approaches 425 were consistent for both investigated tests. To achieve such agreements, it was shown that global displacements describing out-of-plane rigid motions had to be added to Williams' kinematic basis. Another route, which would be worth investigating in the future, would be to consider stereocorrelation techniques to add more freedom to the out-of-plane kinematics [30] .
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Overall, the integrated DIC analyses show promising results and appear as a reliable method to determine fracture parameters in the TDCB configuration. This paves the way to the characterization of the fracture behavior of materials under extreme conditions where mechanical gauges may be limited 28 (e.g., at high temperatures or for fast propagation regimes). Let us note that 435 this technique has already been successfully employed to determine fracture properties of other brittle [18, 41, 21] or ductile [20, 16, 33 , 32] materials.
One additional result of the present work was its validation against an independent method. 
